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We have adopted the newly developed technique of growing cationic clusters in size-to-charge selected
helium nanodroplets (HNDs), with subsequent removal of helium in a collision cell, to record highresolution mass spectra of Neþ
n . Growth in singly charged HNDs leads to mass spectra that feature the
same anomalies in the cluster ion abundance as in previous work, namely maxima at n ¼ 14, 21, 55/56,
75. Several other, weaker but statistically signiﬁcant anomalies are observed at n ¼ 9, 26, 29, 33, 35, 69,
82, 89. However, when neon clusters are grown in larger HNDs, which are likely to be multiply charged,
we observe a different set of magic numbers, at n ¼ 7, 13, 19, 26, 29, 34, 55, 71, 81, plus many other
numbers for larger clusters, up to n ¼ 197. A transition from the ﬁrst to the second set is observed in a
limited size range if the collision pressure is increased. The most likely reason for the existence of two
different sets of magic numbers appears to be the existence of two distinct structural families.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
The arrangement of atoms in a small atomic cluster Xn rarely
resembles that in bulk matter. Small is different. However, it is
difﬁcult to calculate the energetically most stable structure of a
cluster containing more than a handful of atoms. It is equally
difﬁcult to measure the actual structure of a cluster, or cluster ion,
in an experiment.
Theorists face numerous challenges. First, the energy landscapes
of clusters are extremely complex [1]. A cluster as small as X13 has
no less than 988 distinct, stable minima if the interaction between
the building blocks is described by the Lennard-Jones potential [2].
The number of local minima increases exponentially with
increasing size n; a systematic search for the global energy minimum rapidly becomes prohibitive. The number of local minima
decreases for softer potentials, but the minimum-energy structure
for, say, a Morse potential may differ from that for a Lennard-Jones
potential [2]. Second, pairwise additive potentials cannot
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accurately account for the interaction. Even in clusters of the heavy
noble gases (neon through xenon), three-body contributions are
not negligible [3e5]. Third, nuclear quantum effects cannot be
neglected either [6,7].
Fourth, most experimental data pertain to charged clusters
whose theoretical description is even more challenging. In homonuclear noble gas clusters the positive charge is partly delocalized.
The dimer ion of, e.g., neon is bound by 1.28 eV [8]. In clusters the
charge spreads over two, three or perhaps even four atoms. Details
differ between the noble gases. For neon the ionic core probably
þ
consists of Neþ
3 in D∞h symmetry; the computed NeeNe2 binding
energy is 0.10 eV [8]. In mid-sized argon and xenon clusters the
charge may spread over four atoms [9], but for even bigger xenon
clusters the ionic core seems to shrink back to the trimer and
eventually the dimer [10]. The trimer and tetrameric cores exist in
linear and non-linear isomers [11,12]. Even small changes in the
structure of the ionic core may lead to profound differences in the
structures of clusters [13].
Experimentalists have few structural tools at their disposal that
can be applied to clusters that are not supported [14]. Electron
diffraction by neutral clusters averages over large size ranges
[15,16]. Electron diffraction of charged, size-selected clusters is a
powerful tool [17] but it has not yet been applied to weakly bound
cluster ions. Most spectroscopic methods are unsuited for clusters
containing several atoms except perhaps for infrared absorption
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are reproduced if neon clusters are grown in singly charged HNDs.
However, growth in larger, multiply charged HNDs leads to a
different set of magic numbers, including at n ¼ 13, 19, 55, 71, and
81. Several magic numbers are identiﬁed at and above n ¼ 109, up
to 197; they agree surprisingly well with previously reported
numbers for heavier noble gases. The two different sets of magic
numbers suggest that two distinct structural families exist that do
not interconvert when the cluster ions are excited in collisions with
a thermal gas of helium.

spectra which has provided structural information for select systems [18,19], and for measurements of matrix shifts by messenger
spectroscopy that have provided information about solvation shells
[20e23].
In the present work we resort to the proven technique of
identifying local anomalies (or magic numbers) in the abundance
distribution of cluster ions. The method rests on the strong
dependence of the evaporation rate on the evaporation energy. The
relative abundances in an ensemble of initially excited clusters will
reﬂect their relative stabilities if the clusters form an “evaporative
ensemble,” i.e. all clusters are smaller than they once were [24]. The
assumption applies to typical ensembles of cluster ions interrogated by mass spectrometry. However, the exact relation between
energies and abundances is difﬁcult to quantify [25e27]. First,
properties other than stability, including entropy and heat capacity,
will play a role as well [27e29]. Second, the (charged) clusters need
time to cool down and solidify into ordered structures with sizedependent stabilities before the ensemble can develop abundance anomalies [30e35]. Third, for long times the contrast in the
abundance distributions will decrease again [24,35]. Fourth, a mass
spectrometer does not simply provide a “snapshot” of the abundance distribution at a speciﬁc time. Depending on the type of instrument, fragment ions produced by unimolecular dissociation
will contribute to the precursor ion signal, the fragment ion signal,
or be rejected entirely [36,37].
In short, although the contrast in abundance distributions depends on several factors [38], the appearance of magic numbers
provides valuable information. They have helped to identify the
occurrence of complete-shell Mackay icosahedra in large noble gas
cluster ions [39e45], rock-salt structure in metal halides [46,47],
and the cage-like icosahedral structure of C60 [48].
Irrespective of details, a local maximum in the abundance In of
clusters (or cluster ions) Xn, or a large abundance ratio In/Inþ1 is
commonly viewed as indicating a relatively high evaporation energy Dn of Xn, and/or a relatively low evaporation energy Dnþ1. The
magic numbers are robust; small differences in magic numbers
reported for a speciﬁc system by ±1 mostly arise from applying
different criteria for their selection. Thus, magic numbers in the
abundance distribution provide a ﬁngerprint which may help to
conﬁrm or reject the stability pattern derived from a structural
model [49,50].
Argon clusters were among the ﬁrst systems for which mass
spectra were reported beyond size n z 10. A steep drop in the
þ
abundance after Arþ
14 and a local minimum at Ar20 were observed
[51]. The authors did acknowledge a possible relation to cluster
stability, but their main interest was in nucleation phenomena. An
extended series of magic numbers was then noted in spectra of
xenon clusters [39]. Particularly prominent ones, at n ¼ 13, 55, 147,
agreed with the number of atoms required to form complete-shell
Mackay icosahedra. Several other anomalies were consistent with
the expected closure of subshells [52], and evaporation energies
calculated for neutral noble gas clusters [53].
Since then, several groups have reported mass spectra of argon
[29,40,42,44,51,54e60], krypton [43,44,54,56,61e63], and xenon
clusters [29,44,56,64], formed by a variety of methods. One overarching conclusion from these data is that argon, krypton, and
xenon have different ﬁngerprints, although for very large clusters,
beyond n z 147 where the third Mackay icosahedron is formed, the
ﬁngerprints become similar.
Neon has received much less attention. Among previous reports
[41,63,65,66], only one covers sizes at and above the second
icosahedral shell closure [41]. The largest cluster detected in that
work was Neþ
90. In the present work we present high-resolution
mass spectra of Neþ
n containing up to 280 atoms. Previously reported magic numbers (most prominently at n ¼ 14, 21, 56, and 75)

2. Experiment
In the present work we adopt a novel method to form neon
cluster ions, namely by doping charged, size-selected HNDs. A diagram of the apparatus has been published elsewhere [67]. Two
slightly different instruments have been used to record data which
will be referred to as set 1 and 2, respectively. HNDs are formed by
supersonic expansion of pre-cooled helium (Linde, purity 99.9999
%) through a nozzle (5.7 mm diameter, stagnation pressure 20 and
28 bar for set 1 and 2, respectively, temperature 9.7 and 9.8 K) into
vacuum. The expanding beam is skimmed by a conical skimmer
(Beam Dynamics). The size distribution of the HNDs will be broad
but their speed distribution is narrow. Therefore, their kinetic energy is proportional to their size N.
The beam of HNDs is crossed by a beam of electrons (energy 70
and 38 eV, respectively, emission current 630 and 470 mA). Multiple
collisions with electrons may result in highly charged HNDs [68].
The Hezþ
N ions are accelerated into an electrostatic deﬂector. Ions
that are transmitted have a speciﬁc mass-to-charge ratio m/z, hence
a speciﬁc size-to-charge ratio N/z. However, the Rayleigh instability
limits their maximum charge state zmax, depending on the value of
N [69]. Data sets 1 and 2 were recorded with the deﬂector being
tuned to N/z ¼ 4.67  104 and 1.9  105, respectively, corresponding
to zmax ¼ 1 and 28, respectively [68].
The N/z selected HNDs pass through a pickup cell (length 5.0 and
13.4 cm, respectively) ﬁlled with neon gas at ambient temperature.
The pressures, measured with a cold cathode ionization gauge
(Pfeiffer model IKR 251), were 0.029 Pa and 0.007 Pa, respectively
(all pressures given here are corrected for the sensitivity of the ion
gauge which is speciﬁed as 0.24 for neon and 0.17 for helium).
Collisions between the charged HNDs and neon will lead to capture
of Ne atoms, growth of Neþ
n in the droplet, and evaporation of helium atoms from the droplet (which, in turn, may trigger ﬁssion, see
below). In a multiply charged HND, z singly charged Neþ
n will form.
They will reside near the surface of the droplet because of the
mutual Coulomb repulsion. We assume that the z embedded
clusters are approximately equally sized because cluster growth is a
statistical process. However, there may be factors that invalidate
this assumption. In particular, a large cluster may grow at a larger
rate because its capture cross section and its polarizability, hence its
interaction with a freshly captured Ne atom, are larger than that of a
small cluster. A failure of our assumption would affect details in our
discussion in Section 4.3, but the assumption is by no means
essential.
The doped HNDs that exit the pickup cell pass through three
regions in which they are guided by a radio frequency (RF) ﬁeld. The
components are taken from a commercial Quadrupole TOF (Q-TOF)
mass spectrometer (Q-TOF Ultima from Micromass, Waters). The
ﬁrst one, a RF hexapole (length L ¼ 26 cm), contains helium gas at
ambient temperature. This cell will be referred to as evaporation
cell; collisions between the gas and the doped HNDs will lead to
evaporation of the helium.
Multiply charged HNDs will undergo spontaneous ﬁssion if N
falls below the corresponding size limit Nz. Experiments with
undoped droplets have shown that ﬁssion produces a very small,
2
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the spectrum [45,73], or dividing by the envelope [29]. We choose
to ﬁrst determine the ion abundance of Neþ
n by integrating the ion
yield over all its isotopologues (which are fully resolved, see the
inset in Fig. 1c). The abundance is then divided by the local average
of the abundances between sizes n e 4 and n þ 4 to obtain the
relative abundance.
The size dependence of the relative abundance, extracted from
the mass spectra in Fig. 1, is displayed in Fig. 2. The four data sets are
stacked, the average value for each set equals 1 by deﬁnition. The
top trace reveals prominent magic numbers at n ¼ 55/56 and 75,
and weaker ones at n ¼ 69, 82, 89. These magic numbers become
more prominent in spectra recorded with PHe ¼ 0.129 Pa. Several
other magic numbers appear below n ¼ 55; they become even
more prominent in the 3rd and 4th trace.
The contrast in the relative abundance can be read from the
ordinate where the minor tick marks are spaced by 0.5. For
example, in the 3rd trace (PHe ¼ 0.153 Pa) the relative abundance of
Neþ
n drops from 1.4 to 0.7 between n ¼ 14 and 15. The magic
numbers in Fig. 2 indicate those sizes for which In/Inþ1 forms a
statistically signiﬁcant local maximum (the statistical error bars of
the data in Fig. 2 are smaller than the symbol size).
4
The size of Neþ
n clusters grown in HNDs with N/z ¼ 4.67  10
(data set 1) is limited to n z 100 [67]. Growth of larger Ne clusters
requires larger values of N/z, with the consequence that z is no
longer limited to 1. In Fig. 3 we present mass spectra of Ne clusters
grown in HNDs with N/z ¼ 1.9  105 whose maximum charge state
equals zmax ¼ 28 (data set 2). The collision pressure PHe was
increased from 0.100 Pa to 0.117 Pa to 0.149 Pa (panels c through a).
For reference, we also list the spectra IDs (ID35, ID34, and ID32,
respectively). Prominent magic numbers are indicated. The largest
magic number that can be clearly identiﬁed in panel b is n ¼ 197.
Even larger magic numbers are apparent in panel c, but determining their exact values is impossible for two reasons: First, the
statistical noise is large. Second, beyond n z 200 the conversion
from mass to cluster size becomes increasingly imprecise. Neon has
three naturally occurring isotopes: 20Ne (mass 19.99244 u, natural
abundance 90.48 %), 21Ne (20.99385 u, 0.27 %), and 22Ne (21.99139
u, 9.25 %), but the isotope abundance in clusters may be different
[67]. This difference poses no problems for small clusters because
the distributions of isotopologues for clusters of adjacent sizes are
well separated, as illustrated in the inset in Fig. 1c. For large clusters,
however, the distributions overlap as illustrated in the inset in
Fig. 3b. We cannot resolve nominally isobaric isotopologues that
belong to adjacent cluster sizes (the mass difference between ten
22
Ne and eleven 20Ne is only 0.003 u). At n z 148 we can still
determine the cluster size by counting the maxima in the envelope
of the mass spectrum; that approach fails beyond n z 200 when
the FWHM of the distribution of isotopologues exceeds the mass of
20
Ne.
The relative abundances are summarized in Fig. 4. The top trace
in Fig. 4a represents the average of 12 data sets (compiled in
Fig. S1 of the Supplemental Information) that were recorded with
singly charged HNDs; the magic numbers are those that were
indicated in Figs. 1 and 2. Data in the other 3 traces are extracted
from the mass spectra in Fig. 3. Vertical lines ﬂag anomalies that
are most prominent in the bottom trace. Below n z 100 there are
striking differences between the traces. First, magic numbers in
set 1, at n ¼ 9, 14, 21, 26, 29, 33, 35, differ from those in set 2 which
occur at n ¼ 7, 13, 19, 26, 29, 34. Second, the numbers change from
n ¼ 69, 75, 82 in the top trace to 71, 81 in the bottom trace. A
transition appears to occur between the 2nd and 3rd trace as the
collision pressure is changed. Also note the change from the
“mixed” anomaly at 55/56 in the top trace to a distinct feature at
55 in the bottom trace.

singly charged HND plus a large droplet that carries nearly all of the
He atoms and z-1 charges [68]. A doped, z-fold charged HND that
evaporates He atoms will eventually undergo ﬁssion into one
nearly bare Neþ
n plus a large, doped HND that contains z-1 singly
charged neon clusters.
Fission may already happen in the pickup cell if the initial
charge z is close to zmax. In that case, the z-1 neon cluster ions
embedded in the large ﬁssion fragment will keep growing until
another ﬁssion event happens, producing a HND with z-2
embedded cluster ions that keep growing [70]. Eventually, a HND
containing z-x singly charged Neþ
n (with 0  x < z) will exit the
pickup cell and enter the evaporation cell where it will continue to
shrink and ﬁssion until it reaches the size limit of a doubly charged
droplet, N2 ¼ 50 000, and ﬁssions one last time into a nearly bare
þ
Neþ
n plus Hez50000Nen . In the discussion we will refer to the latter
ion as “sole survivor.”
The ions that exit the evaporation cell are extracted into a
commercial time-of-ﬂight mass spectrometer equipped with a
double reﬂectron in W conﬁguration and a microchannel plate
(MCP) detector (Micromass Q-TOF Ultima mass spectrometer,
Waters). The mass resolution was 8000 and 21000 (measured at
full-width-half-maximum, FWHM) for data sets 1 and 2,
respectively.
Mass spectra were evaluated by means of a custom-designed
software that corrects for experimental artifacts such as background signal levels, non-gaussian peak shapes, and mass drift over
time [71]. The routine takes into account the isotope pattern of all
ions that might contribute to a speciﬁc mass peak in order to
retrieve the abundance of ions with a speciﬁc stoichiometry.
3. Results
Fig. 1 displays four mass spectra that were recorded with
identical settings in the HND source, electron ionizer, electrostatic
deﬂector, and pickup cell. These spectra are members of data set 1;
experimental parameters are speciﬁed in Section 2. The pressure
PHe in the helium evaporation cell was increased from 0.069 Pa in
panel a to 0.198 Pa in panel d.
The size distributions of the observed Neþ
n cluster ions are bellshaped because they are grown in singly charged, mono-disperse
HNDs (the deﬂector was tuned to pass HNDs with a size-tocharge ratio N/z ¼ 4.67  104 which restricts the charge state to
z ¼ 1 [68]). When the doped HNDs enter the collision cell they will
ﬁrst shed their remaining helium atoms, and then neon atoms. The
collision pressure in Fig. 1a was deliberately chosen to evaporate
nearly all the He atoms but barely any Ne atoms. As the collision
pressure is increased (Fig. 1b through 1d), the size distribution of
Neþ
n shifts to the left.
Several anomalies are readily seen in the mass spectra. Most
pronounced is the previously reported [33,41] feature in the vicinity of n ¼ 55 where the second shell of the Mackay icosahedron
closes. The peak at n ¼ 55 forms a local maximum and the peak at
n ¼ 56 is followed by another steep drop; we will denote this
anomaly as 55/56. Other prominent features, namely maxima at
n ¼ 14 and 21, and a steep drop after 75, have been noted before
[33,41,63,65]. A few other local anomalies, e.g. at n ¼ 9, 29, 35, 82,
are also obvious if one applies either one of the following two
criteria: a singular maximum, or a particularly steep drop in the
peak height.
Steep drops or local maxima are difﬁcult to spot in regions
where the peak height is rapidly increasing or decreasing versus
size. The task of identifying magic numbers is less ambiguous if the
effect of the overall distribution, or its “envelope”, is removed.
There are several possible approaches, e.g. taking the logarithmic
difference of peak amplitudes [72], subtracting the envelope from
3
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Fig. 1. Four mass spectra of neon clusters grown in singly charged HNDs (date set 1), recorded with different pressures in the evaporation cell where the doped HNDs are stripped of
the helium. The bare neon cluster ions shrink as the pressure PHe is increased from 0.069 Pa (panel a) to 0.198 Pa (panel d). Prominent local anomalies in the ion yield versus size n
are indicated. The asterisk in panel a ﬂags an impurity. The expanded section of the mass spectrum in panel c reveals the isotopologues of Neþ
n for n ¼ 20, 21, 22.

released later, upon growth of the cold neon cluster ion, is small,
and dissipated by evaporation of He. It does not cause dissociation
of Neþ
n . Even so, the magic numbers in set 1 are identical to magic
numbers reported previously when bare Nen were ionized by
electrons or photons [41,65], or when HNDs doped with Ne were
electron ionized [63,74]. Why? Because multiple collisions between
the doped HNDs and He atoms in the evaporation cell will not only
completely strip all helium atoms from the doped HND, but also
excite the bare Neþ
n.
Surprisingly, though, we observe a different set of magic
numbers, at n ¼ 7, 13, 19, 26, 34, 55, 71, 81, …in data set 2 (Figs. 3
and 4), in which the size-to-charge ratio N/z of the HNDs was
larger by a factor four, and the charge state may have been as
large as zmax ¼ 28. In Section 4.2 we will compare the observed
magic numbers with previous reports, including heavier noble
gases, and attempt to correlate them with speciﬁc geometric
structures. Possible reasons for the change in magic numbers will
be discussed in Section 4.3. We begin with an estimate of energetics and cluster temperature in Section 4.1 which will provide
useful clues.

4. Discussion
We have used a novel approach to produce neon cluster ions,
namely by passing pre-ionized, size-to-charge selected HNDs
through a pickup cell. Excess helium atoms, and some neon atoms,
are then evaporated in a separate evaporation cell by gentle collisions with helium gas at ambient temperature. Data in set 1 (displayed in Figs. 1, 2, and S1 of the Supplemental Information) were
obtained by doping singly charged HNDs. They feature prominent
magic numbers at 14, 21, 55/56, 75, and less pronounced but statistically signiﬁcant magic numbers at 9, 26, 29, 33, 35, 69, 82, 89.
Data obtained by averaging over 12 spectra are presented in the top
trace in Fig. 4a. The anomalies are immune to changes in the
pressure in the He evaporation cell.
The experimental approach avoids the large amount of excitation energy that is released when neutral neon clusters (either bare
or embedded in helium) are ionized. To be clear, the total amount of
energy release will be comparable in the two approaches, but in the
present approach, energy is released primarily upon charge transfer to the ﬁrst incoming Ne atom, and formation of Neþ
2 . The energy
4
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Fig. 2. The relative ion abundance of Neþ
n extracted from the four mass spectra in Fig. 1. Magic numbers (deﬁned as those sizes where the ratio In/Inþ1 forms a local maximum) that
consistently appear in these and several other measured distributions are marked by vertical lines.

Fig. 3. Three mass spectra of neon clusters grown in large, multiply charged HNDs (data set 2). The pressure PHe in the evaporation cell decreases from 0.149 Pa in panel a to 0.100 Pa
in panel c. Below n ¼ 90 most of the indicated magic numbers (especially in panels b and c) differ from those ﬂagged in Figs. 1 and 2. The inset in panel b reveals the isotopologues of
Nenþ around n z 148.

5
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Fig. 4. The top trace in panel a (which covers sizes n  150) displays the average relative ion abundance extracted from all spectra in set 1, including the four spectra shown in Figs. 1
and 2. Data in the other traces are extracted from the three mass spectra in Fig. 3 (set 2); vertical lines mark magic numbers in the bottom trace. Symbols above the bottom trace
þ
þ
indicate magic numbers reported in the literature for Arþ
n [40,57], Krn , and Xen [44].

obtained by integrating CndT, with the result En* z 0.29 n meV. This
implies that, shortly after their last collision, cluster ions containing
fewer than z70 atoms will no longer be able to evaporate another
atom. In this scenario the relative cluster ion abundance becomes
proportional to the relative dissociation energy, deﬁned as Dn
divided by the local average of Dn [82e84].
Next, we estimate the energetics of collisions with He in the
evaporation cell [67]. Each collision transfers about 58 meV. This
will lead to the rapid evaporation of about 94 He atoms from the
cold (0.37 K), doped HND without heating the embedded neon
cluster ion. Once all He atoms have been stripped, the average
temperature of bare Neþ
n will rise to about 13 K.
Our discussion so far has ignored possible phase transitions. The
melting temperatures of neutral Nen have been calculated, with
quantum corrections, to be just above 11 K for n ¼ 13 and 55, and
about 14 K for n ¼ 147 [76,85]. From a graph of Cn(T) in Ref. [76] we
estimate that the latent heat of melting equals roughly 23 meV for
Ne13, 105 meV for Ne55, and 260 meV for Ne147. Thus, except for very
small clusters, a single collision will raise the temperature to the
melting point, but not fully melt a solid cluster.
Several caveats are in order. First, in an evaporative ensemble
clusters are isolated, and the concept of temperature is subtle
[86,87]. Second, anomalies in the size dependence of Dn will lead to
anomalies in the size dependence of T(n); more stable clusters can
accommodate larger excitation energies and will be correspondingly hotter. Third, relatively stable clusters such as the closed-shell
icosahedral Ne13, Ne55, and Ne147 will feature relatively large
melting temperatures and latent heats. Fourth, in the experiment
we are dealing with charged clusters, but the computed thermodynamic properties pertain to neutral clusters.

4.1. Energetics, annealing, melting
In this section we consider the energetics related to evaporation
from and collisions with Neþ
n . The dissociation (or evaporation)
energy Dn decreases with size n [75]. Beyond closure of the ﬁrst
solvation shell at n z 13, the cohesive energy of bulk neon
(20 meV) will provide a reasonable estimate. This value will be
denoted Dav; it presents an average that ignores possible local
anomalies in the size dependence of Dn.
In its simplest version, the evaporative model assumes that the
vibrational heat capacity of a cluster (or cluster ion) equals the
classical (equipartition) value, Cn ¼ (3n-6)kB. In the following we
will neglect the 6 translational and rotational degrees of freedom.
However, because of their small atomic mass, low dissociation
energy, and correspondingly low vibrational temperature, neon
clusters show signiﬁcant quantum effects [76e78]. We adopt the
Debye theory to estimate their heat capacity [79]. According to this
model, the heat capacity of elemental solids (with one atom per
primitive unit cell) equals

Cn ¼ 9nkB

 3 Qð=T
T

q

2

x4 ex ðex  1Þ

dx

(1)

0

The Debye temperature q of neon in the low-temperature limit
equals 74.6 K [80]. The estimated vibrational temperature of
medium-sized neon clusters subject to unimolecular dissociation
equals T z Dav/(gkB) where g z 25 is the Gspann factor [34]. With
Dav z 20 meV we obtain T z 10 K. In our experiments, the evaporation rate is raised from k z 104 s-1 in a typical metastable time
window to k z 106 s-1 in the evaporation cell [67]. This decreases
the Gspann factor by about 30 % [81], hence we estimate T z 13 K.
At that temperature the heat capacity of Neþ
n , estimated from eq.
(1), is reduced with respect to the classical value by a factor 0.29.
The reduction is probably even stronger, because the ﬁnite size of
the cluster eliminates the long-wavelength, low-frequency phonons which contribute most strongly as T approaches zero.
The (vibrational) excitation energy of Neþ
n at 13 K is easily

4.2. Magic numbers and atomic structure
We start with a discussion of the measured abundance of small
Neþ
n ions, containing fewer than 58 atoms, for which dissociation
energies have been calculated [7,88]. In Section 4.1 we have argued
that the heat capacity of Neþ
n at temperatures relevant to the
experiment (about 13 K) is very small, hence the relative cluster ion
6
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structures of cationic neon clusters containing up to 57 atoms using
a diatomic-in-molecules potential energy surface [7]. The
computed relative dissociation energies are displayed in Fig. 5c
(absolute values are compiled in Fig. S2 in the Supplemental Material). Fig. 5d represents values corrected for the zero-point energy
in the harmonic approximation [7]. Sebastianelli et al. have

abundance is expected to closely track the relative dissociation
energy. Fig. 5a displays the relative abundance of Neþ
n formed in
large, multiply charged HNDs at the lowest pressure in the evaporation cell (data from the bottom trace in Fig. 4a). Fig. 5b displays
the averaged relative abundance of Neþ
n from data set 1 (data from
the top trace in Fig. 4a). Calvo et al. have located the stable

Fig. 5. Panels a and b display relative ion abundances, reproduced from the bottom and top traces of Fig. 4a. Relative dissociation energies calculated by Calvo et al. [7] are displayed
in panels c and d; the data in panel d are corrected for the zero-point energy. Energies calculated by Sebastianelli et al. [88] are shown in panel e.
7
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sequence ABA. For example, the ﬁrst atom added to the 13-mer
resides atop the central atom. A ﬁrst major subshell closure is expected when ﬁve adjacent facets are covered and topped by one
additional atom. The magic numbers are thus predicted at
13 þ 5*1 þ 1 ¼ 19 (the so-called double icosahedron),
55 þ 5*3 þ 1 ¼ 71, and 147 þ 5*6 þ 1 ¼ 178. The ﬁrst two of these
are clearly observed in the bottom trace in Fig. 4a. The third predicted anomaly correlates with an observed anomaly at 179, presumably shifted by one because the cluster core contains 148 rather
than 147 atoms.
Covering another three adjacent facets plus adding an apex
atom would predict magic numbers at 23, 81, and 197. The ﬁrst of
these predictions does not mesh with the data in Fig. 4 (bottom
trace), but the other ones do.
Eventually, as a subshell grows, a complete rearrangement from
a stacking sequence ABA to ABC will lower the total energy of the
system. The size where this transition occurs is subject to debate, as
is the size where the energy of a cuboctahedral cluster with atoms
in a crystalline (fcc) arrangement will drop below that of the
Mackay icosahedron [93].
One may try to predict magic numbers by considering peeling
off atoms from a Mackay icosahedron, but that discussion would be
beyond the scope of this manuscript. Instead, we will look for
similarities between magic numbers observed in data set 2 (bottom
traces in Fig. 4) and previous reports. Symbols plotted above the
þ
bottom trace indicate magic numbers reported for Arþ
n [40,57], Krn ,
þ
and Xen [44]. Between n ¼ 13 and 34 the agreement between
currently and previously observed magic numbers is good. The
expected magic numbers at 55, 71, and 81 are clearly present. Between n ¼ 109 and 197 the agreement is excellent, especially if we
keep in mind that a shift of the magic number from 147 in mass
þ
spectra of Krþ
n and Xen [44] to 148 in the current data accounts for a
similar shift in subshell closures. There are very few anomalies
indicated between n ¼ 87 and 147 in the Arþ
n data because the
authors chose to ﬂag local minima rather than maxima [40,57].
Most of these minima (observed at n ¼ 102, 105, 112, 126, 132, 137,
179, 184, 199, 216, and 232) also appear in our data.

computed Dn for n  25 using a simple model in which the sum of
the interactions among different size polygons of neon atoms surrounding an ionic dimer core was optimized [88]; relative dissociation energies derived from their work are displayed in Fig. 5e.
Below n ¼ 30 the relative abundances in Fig. 5b correlate
reasonably well with the relative dissociation energies in Fig. 5d;
both sets feature anomalies at n ¼ 9, 14 21, and 26. The agreement is
poor for larger sizes, possibly because lowest-energy structures
may have been missed in the theoretical work (the search for
favorable structures by unbiased basin-hopping global optimization was limited to n  30). Although the 56-mer shows no
enhancement in the relative dissociation energy, it shares a unique
property with the 14-mer and 21-mer: While for most sizes zeropoint motion is sufﬁciently high to blur the picture of a single
well-deﬁned structure, the 14-, 21- and 56-mer exhibit a high degree of vibrational localization at their classical minimum energy
structure [7].
There is no theoretical work pertaining to larger Neþ
n , nor for
þ
þ
Arn , Krþ
n , or Xen . Instead we will consult studies of neutral noble gas
clusters, beginning with simple sphere packing models. Mackay
concluded that the most compact, dense cluster sizes have icosahedral (Ih) symmetry, where a central atom is surrounded by K
shells of atoms [89]. Each shell has 20 triangular facets. The 12
atoms in the ﬁrst shell form the vertices of an icosahedron. The
number of atoms in the 2nd through 4th shell equals 42, 92, and 162.
The total number of atoms in the ﬁrst four Mackay icosahedra
equals 13, 55, 147, 309. Cuboctahedra cut from a fcc crystal would
contain the same number of atoms, but they are energetically less
favorable because of the low-density (100) arrangement of atoms in
their square facets.
For some charged van der Waals clusters, including Xe [44] and
CO [90], prominent magic numbers coincide with the anticipated
shell closings at 13, 55, 147, 309 even though the delocalization of
the charge at the cluster center will break the icosahedral symmetry. For other systems, including Ne, Ar, and Kr, magic numbers
expected for the ﬁrst few icosahedral shell closings are weak,
entirely absent, or shifted to 14, 56, 148 [29,41e44]. An ad-hoc
explanation of these shifts is the fact that a dimer ion at the cluster center is strongly contracted relative to a neutral dimer. The
global minimum structures calculated by Calvo et al. for Neþ
14 and
Neþ
56 conﬁrm this explanation [7].
Next, we discuss magic numbers observed between icosahedral
shell closings. Except for small clusters, a systematic search for the
global minimum structure is not practical, even if a simple pair
potential is used to compute the total cluster energy. The problem
simpliﬁes if it is assumed that the atoms in the Kth, incomplete,
outermost shell arrange on top of a rigid Mackay icosahedron with
K-1 complete shells [73,91,92]. Even so, the agreement among
predicted values, and between prediction and observation, is
disappointing.
We will merely sketch some basic ideas for the prediction of
subshell closures. For van der Waals bound systems, the relatively
strong interaction with nearest neighbors favors growth of a single
island. Atoms will completely cover one facet before growing on
another one, and growth on adjacent facets is favored over growth
on disconnected facets. In very large calcium clusters, a sequence of
20 magic numbers has been observed when going from a K-shell to
a Kþ1-shell Mackay icosahedron, each number indicating the ﬁlling
of one facet [73].
The number of atoms in each of the facets of a Mackay icosahedron equals 3, 6, 10, 15 for K ¼ 1 through 4. Within these facets
the atoms are arranged in (approximately) close-packed layers,
with a stacking sequence ABCA… between layers, the same as in a
face-centered cubic (fcc) crystal. However, the ﬁrst few atoms
added to a Mackay icosahedron are arranged in the stacking

4.3. Magic change of magic numbers
To summarize our observations: First, the magic numbers
observed in data set 1 (including 14, 21, 35, 55/56, 75, 82) agree
with values previously reported [41,63,65,66] for Neþ
n . Second,
these magic numbers are immune to changes in the collision
pressure. Third, the magic numbers observed in data set 2, at lowest
collision pressure, are different: 13, 19, 34, 55, 71, 81. Fourth, the
numbers in data set 2 agree closely with numbers reported in Arþ
n,
þ
Krþ
n and Xen spectra [40,44,57]. What causes this change? How is
such a change compatible with the alleged correlation between
abundance and stability?
We can think of three possible reasons. The ﬁrst one would be a
misassignment of n, caused by impurities. The HNDs used to record
data set 2 had a size-to-charge ratio of N/z ¼ 1.9  105. Their
maximum possible charge state is zmax ¼ 28 which would correspond to N ¼ 5.3  106. Water is the most prevalent contaminant,
which could possibly lead to, for example, Ne12H2Oþ or Ne12H3Oþ.
These ions may feature high stability but they would appear 2 or 1 u
below the magic Neþ
13; their presence is easily ruled out. Likewise,
although protonated neon clusters have been reported to feature
magic numbers different from those of Neþ
n [63], the mass shift
by þ1 u would be easily detected.
Second, because of the closeness between the estimated cluster
temperatures and the calculated melting temperatures one might
speculate that the two different sequences of magic numbers
pertain to different phases. However, this runs counter to the basic
8
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[96,97]. The families differ in the nature of the ionic core, either a
linear trimer or a linear tetramer; perpendicular isomers of Arþ
3
have been reported as well [12]. The isomers do not interconvert at
low temperature [97].
þ
þ
The properties of Neþ
2 , Ne3 , and Ne4 have been explored in
several theoretical studies [6,98e101]. Neþ
3 is a very ﬂoppy molecule [98] which would rule out the existence of distinct isomers
that do not convert at our experimental conditions. But the structural families that seem to exist for argon and xenon cluster ions
differ by the size of the ionic core, not its structure. Either way, it is
conceivable that the barrier between the two alleged isomers increases when neutral atoms are bound to the ionic core. In Section
4.1 we have argued that the energy transferred to Neþ
n in collisions
with He will sufﬁce to raise the cluster temperature to the melting
point, but not to fully melt the cluster. As long as the cluster core
remains frozen, the outer, molten shells would return to their
previous structures as the cluster cools down again.
Questions remain. We have no compelling explanation why a
speciﬁc history (e.g., ejection from a multiply charged HND) correlates with one speciﬁc structural family (characterized by magic
numbers in set B). In the past, magic numbers were usually found to
be highly reproducible, but there is one striking counterexample:
Mass spectra of argon cluster ions, produced by electron, photon or
Penning ionization of neutral precursors, either bare or embedded
in helium, are characterized by a deep local minimum at n ¼ 20, but
no enhanced signal at n ¼ 13 [29,42,44,51,54e56,58e60]. If, however, Arþ
n are formed by nucleation and growth on argon ions
formed in a corona discharge, one observes a maximum at n ¼ 13
and 19 but no minimum at 20 [40]. Several other differences have
been reported for larger sizes [102].
A better understanding of factors that lead to two different sets
of magic numbers requires further work. On the experimental side,
two approaches appear promising: First, mass-selected Neþ
n could
be collided with He or other atoms in a separate collision cell. What
are the preferred fragment ions if the collision energy is varied?
Does it matter if the precursor ion Neþ
n is taken from the ensemble
of clusters emerged via history 1, or history 2? Second, and more
promising, would be spectroscopic work. Isomeric structures in
argon and xenon cluster have been revealed by photoabsorption
and photodissociation [9,11,103]. The estimated absorption spectrum of Neþ
3 has been calculated to peak at about 470 nm [104];
absorption in this range would lead to the loss of several Ne atoms
and be readily detectable.

understanding of clusters in an evaporative ensemble. The temperature (or, better, its vibrational energy distribution) will depend
on n, on the dissociation energies and heat capacities of the n-mer
and the nþ1-mer, and on the time elapsed since formation of the
ensemble, but not on the initial conditions (i.e., size distribution or
initial excitation energy). Furthermore, magic numbers due to
geometric shell closure have been shown to disappear when the
cluster temperature is raised above the melting temperature
[45,94]. Those experiments involved large neutral sodium clusters,
but there is no reason why this should not apply to small Neþ
n as
well (with perhaps one exception: Closure of the ﬁrst solvation
shell may be accompanied by a substantial drop in Dn, even if the
cluster were liquid).
Third, the clusters in data sets 1 and 2 have different histories.
Perhaps one data set pertains to fully annealed clusters but the
other does not? Neon cluster ions are grown in HNDs by successive
capture of atoms. The temperature of large HNDs is 0.37 K; it is
likely that the Neþ
n embedded in the HND are amorphous. Metal
clusters grown in large neutral HNDs have been shown to form
wires rather than compact clusters [95]. In a recent publication we
have modeled the fate of Neþ
n grown in singly charged HNDs [67].
The droplet will capture about 100 Ne atoms in the pickup cell.
About 30 collisions are required between the bare Neþ
n and He in
the evaporation cell in order to produce, say, Neþ
13. Each collision
will partly melt the cluster (see Section 4.1). One could hardly think
of a better annealing process.
On the other hand, it is difﬁcult to characterize the provenance
of Neþ
n ions recorded in data set 2. As discussed elsewhere, a sizeto-charge selected HND with zmax ¼ 4 will offer 10 different pathways to produce singly charged neon clusters [67]. With zmax ¼ 28,
a whole zoo of singly charged neon clusters will form. Let us look at
one speciﬁc precursor, a z-fold charged HND. It will form an incubator for z singly charged neon clusters. As the clusters grow in the
pickup cell, the HND will shrink and, upon reaching the Rayleigh
limit, eject a singly charged, nearly bare Neþ
n1. The z-1 clusters
embedded in the HND will keep growing until the Rayleigh limit is
reached once again, and a singly charged, nearly bare Neþ
n2 will be
ejected, with n2 > n1. Cluster growth stops when the doped HND
exits the pickup cell, but the ejection of singly charged, nearly bare
neon clusters will continue in the evaporation cell until the HND
hosts a single neon cluster ion. Which of these z singly charged
clusters will populate the mass spectra in Fig. 3? The spectra are
approximately bimodal. Statistically speaking, the ejected cluster
ions outnumber the lucky one that remains as lone survivor in the
HND. At the exit of the evaporation cell, this lone survivor will be
larger than any of its former roommates; some of those castaways
will not even make it to the exit of the cell. Thus, the likely precursors of the large cluster ions in Fig. 3 are the survivors, while the
castaways feed the low mass range, giving rise to magic numbers at
n ¼ 7 through 55, 71, 81 in Fig. 3b and c. A transition occurs at the
highest collision pressure (Fig. 3a), when the large clusters spill into
the region of medium sizes, and the magic numbers change to 55/
56, 75, 82, 89.
So far, we have argued that the two different sets of magic
numbers correlate with different cluster histories. Set A (including
9, 14, 21, 35, 55/56, 75, 82, 89, 109, 117, 125,…) correlates with
clusters that were either formed in singly charged HND (see top
trace in Fig. 4a), or that remained as sole survivors in HNDs until
their z-1 competitors were ejected. Set B (7, 13, 19, 34, 55, 71, 81) is
the ﬁngerprint of nearly bare Neþ
n ejected from multiply charged
HNDs.
But if magic numbers reﬂect cluster stability, then two different
sets of magic numbers imply that there are two distinct structural
families. Experimental and theoretical work pertaining to Arþ
n and
Xeþ
n does, indeed, suggest that two families of isomers coexist

5. Conclusion
The present work extends the size range for which abundance
anomalies are observed in mass spectra of neon clusters from n <
90 to n z 200. The numbers observed in this extended range agree
well with data in some previous reports for heavier noble gases.
Below n z 100, though, we observe two different sets of magic
numbers, depending on the experimental conditions. One set fully
agrees with magic numbers previously reported for Neþ
n ; it is
observed if neon cluster ions are grown in singly charged HNDs. The
other set is traced to Neþ
n that have been ejected from multiply
charged HNDs. The observations point to the existence of structural
isomers that do not interconvert. Experiments that could possibly
conﬁrm this hypothesis have been proposed.
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